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Results are reported for the ﬁrst time on the possibility and cause of polymer degradation in a full
commercial inkjet printer. The behaviour of three linear poly(methyl methacrylate) (PMMA) samples,
having Mw 90, 310 and 468 kDa respectively, in a continuous inkjet (CIJ) Domino A-Seriesþ printer is
investigated and compared with earlier reported results for two experimental drop on demand (DOD)
printers, a Dimatix DMP-2800 and a Microfab single nozzle glass capillary. Despite all three printheads
having equivalent strain rate at the nozzle tip (ε) no degradation is observed within the CIJ head alone
whereas single pass degradation is observed in both DOD printheads. This can be attributed to a
consequence of a number of factors including the slightly greater nozzle diameter, and different nozzle
geometry, which includes cone angle and nozzle cylinder length, for CIJ, the different mode of drop
generation or the higher polymer concentration investigated. It should also be noted that the ﬂow
through the CIJ nozzle is continuous, where it is pulsed in the case of DOD. The calculated maximum
strain rates are similar, but in DOD it is being periodically ramped up and switched off.
The main source of polymer degradation in CIJ printing through a CIJ Domino A-Seriesþ printer is
found to be the continuous recycling of ink through the pump resulting in mechano-chemical polymer
degradation. Molecular weight degradation proceeds by random scission, and is obtained at the lower
shear rates experience as a consequence of the longer residence time due to mechano-chemical damage
in the pump. These results have signiﬁcance in the total design of inkjet systems for the delivery of high
molecular weight polymers and materials sensitive to mechano-chemical degradation and highlight the
need for careful consideration when moving from laboratory based print tools to full scale application.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Ink-jet printing has developed as an important technology for
the deﬁned spatial deposition of polymer solutions in applications
as diverse as graphics, textiles and digital fabrication [1e4]. There
are twomajor mechanisms through which drops are generated and
positioned: continuous inkjet printing (CIJ) and drop-on-demand
inkjet printing (DOD). For CIJ and DOD the individual drop gener-
ation process and ink management systems present different
challenges and constraints on ink design, making themmore or less
suitable for speciﬁc applications [5]. In both technologies the
presence of polymer can fulﬁl a number of functions within the ink
formulation ranging from dispersant [6], viscosity control agent [7]
or as the functional material [8]. It has long been recognised that(S.G. Yeates).
07
r Ltd. This is an open access articlethe addition of small amounts of polymeric materials to ink for-
mulations can have a large effect on the printing performance of
the ink [9] with both polymer concentration and molecular mass
inﬂuencing drop ejection and breakup [10e15].
The two main DOD mechanisms are thermal inkjet (TIJ or
bubble jet) and piezoelectric DOD (piezo-DOD) [5]. In piezo-DOD
the printhead consists of a nozzle with an ink chamber made
from a piezo active material. Upon the application of a voltage the
ink chamber contracts, the pressure wave breaks the surface ten-
sionwhich holds the ink in the nozzle and a printing drop is ejected
[4]. Thermal inkjet works on a similar principle; however, the
pressurewave is generated by heating the ink chamber to above the
boiling point of the ink, the ﬂuid closest to the heating element will
boil, ﬁring the drop out of the printhead by the expanding gases [4].
It should be noted that in both piezo and thermal DOD printing
drop ejection is subject to the chosen drive waveform and when
formulated with polymer it is typically limited to below the overlap
concentration, c* [16].under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
Fig. 1. Schematic diagram of a full production model A-Seriesþ (A), and the ink de-
livery system (B).
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ﬂow-induced scission in piezo DOD inkjet printing if certain mo-
lecular weight and concentration conditions are met [17]. For ink
formulations containing polystyrene and poly(methyl methacry-
late) having molecular weights between 100 kDa and 1000 kDa and
a polydispersity (PDi ¼ Mw/Mn) <1.2 it was found that centro-
symmetric degradation behaviour was observed for dilute poly-
mer solutions having a reduced concentration <0.3. In the case of
more polydisperse samples, PDi > 1.3, the degradation of the
polymer chains becomes random, suggesting the forces required to
break the polymers are transmitted through entangled valance
bonds. In all cases more than two passes through the printhead
resulted in no further molecular weight degradation. Modelling of
the jetting of dilute polymer solutions in DOD inkjet printing by
McIlroy et al. suggests that this does not occur as a result of the
extensional ﬂow in the ligament, but rather as a consequence of the
high strain rate and constrictional ﬂow in the nozzle [18].
By contrast the drop generation process in CIJ is different to that
in DOD. In CIJ the liquid ink passes through a chamber where a
vibrating piezoelectric crystal creates an acoustic wave causing the
emerging stream of liquid to break into droplets via the Rayleigh
instability [19,20]. The ink formulation has a conductivity typically
between 50 and 2000 U cm and are electrostatically charged by
induction as they break off and then directed (deﬂected) by elec-
trostatic deﬂection plates to print on the receptor material (sub-
strate), or allowed to continue on undeﬂected to a collection gutter
for re-use. Only a small fraction of the droplets generated are used
to print, the majority being recycled. When formulated with
polymer it is typically at a concentration greater than the overlap
concentration.
In this paper we extend our studies on molecular weight sta-
bility during inkjet printing to CIJ, where the inks must maintain
their optimum performance over thousands of ink cycles as
opposed to single pass DOD. These observations have potential
implications in printer design with respect to the printing of
functional and biological materials where retention of polymer
composition is critical.
2. Experimental
2.1. Materials
All solvents, linear atactic PMMA (Mw ¼ 90 kDa; PDi ¼ 2;
Mw ¼ 310 kDa; PDi ¼ 2.6;Mw ¼ 468 kDa; PDi ¼ 3.3) were obtained
from Sigma Aldrich, UK and used as received. The formulations of
these polymers are referred to as PMMA 468 kDa, PMMA 310 kDa
and PMMA 90 kDa throughout this publication. Polymer solutions
in methyl ethyl ketone (MEK) were prepared bymechanical stirring
using a Janke and Kundel RW 20 at 35 C for 3 h, and ﬁltered using a
Buchner Funnel with Whatman Qualitative ﬁlter paper prior to
loading into the printer. Dynamic viscosity measurements were
carried out with a Brookﬁeld rotational viscometer. Intrinsic vis-
cosity measurements were carried out using an Ubbelohde capil-
lary viscometer; dilute solutions ranging from 0.3 to 1.5 g/dL were
made up and equilibrated at a temperature of 25 C (0.2 C) for
30 min. The ﬂow time of these solutions through the capillary was
measured and the intrinsic viscosity determined by plotting func-
tions of the speciﬁc and relative viscosity against concentration and
extrapolating to zero concentration [21]. Before molecular weight
determination the samples were precipitated from solution by
addition of a large excess of methanol and dried. Molecular weights
were measured either using size exclusion chromatography (SEC)
in tetrahydrofuran (THF) using a Viscotek GPCmax VE2001 solvent/
sample module with 2 PL gel 10 mm Mixed-B and PL gel 500 A
columns, a Viscotek VE3580 RI detector and a VE 3240 UV/VISmultichannel detector or a Viscotek GPCmax VE2001 solvent/
sample delivery module and Viscotek TDA305 triple detector/col-
umn oven) at Domino with MEK as the eluent. The SEC samples
were made up to a concentration of 1 mg/ml and pre-ﬁltered using
Whatman 0.45 mm ﬁlters. The ﬂow rate was 1 ml/min and the
system was calibrated with low polydispersity PMMA standards in
the range of 200 to 2.2  106 g/mol, with dodecane as ﬂowmarker.2.2. Instrumentation
A full production model A-Seriesþ schematic is shown in Fig. 1,
which consists of the ink delivery system and the printhead.
Degradation environments were investigated by passing certain
sections of the ink delivery system and printhead to determine the
effect of the different regions of this CIJ printer on the polymer
solutions. Four distinct print conﬁgurations rig were considered:
Rig 1: Full printer: Domino A-Seriesþ in modulated drop mode
(a maximum modulation drive amplitude of 200 V was used).
Nozzle diameter (f) ¼ 60 mm, drop velocity (n) ¼ 22 m/s. Head
temperatures of 27 and 50 C.
Rig 2: Section B: Ink ﬂows through the full pump system,
damper cans and ﬁlters circumventing the printhead.
Rig 3: Section A: Ink forced through the printhead by com-
pressed air operating at 3 bar circumventing the pump system
(section B). Nozzle diameter (f) ¼ 60 mm, drop velocity
(n) ¼ 22 m/s. Head temperatures of 27 and 50 C were applied.
Rig 4: Section B: Ink ﬂows through the pump in the absence of
ﬁlter, damper cans and circumventing the printhead.
Modulation in the context of the CIJ printer is where the ink
stream is compressed by a piezo rod at a frequency of 64 kHz in the
printhead just before it leaves the nozzle. This is to ensure a con-
stant distance between printing drops by increasing the rate of
growth of the major varicosity naturally occurring due to the
RayleighePlateau instability when a stream of liquid breaks into
individual droplets [22]. The maximum drive amplitude was set by
applying a 200 V to the drive rod to cause the droplets to detach
higher in the printhead; the frequency chosen to obtain the opti-
mum growth rate. For a 75 mm nozzle this is 64 kHz, where for a
60 mm it is 84 kHz. This system is operating just off its optimum
performance.
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Clearmiscible solutions of PMMA inMEKwere prepared;MEK is
classiﬁed as good solvent for PMMA, having a Relative Energy
Difference (RED) number of 0.78. MEK is commonly used in CIJ
formulations having a low boiling point (79.4 C) and high evapo-
ration rate to allow the ink to “dry” on a surface rapidly. Three
solutions of PMMA of different molecular weights in MEK were
investigated as characterised in Table 1. These were chosen because
they probe the molecular weight region below which molecular
weight degradation was observed in DOD, 90 kDa, and the regime
where molecular weight degradation was observed in DOD, 310
and 468 kDa [17]. Because of the greater ﬂuid volumes and higher
concentrations required in CIJ this precluded the use of mono-
disperse materials. Whilst PMMA 310 kDa and PMMA 468 kDa are
signiﬁcantly higher molecular weight than polymers used in
commercial CIJ formulations they were selected on the basis they
would be sensitive to the various high shear environments of the
printer.
For each polymeresolvent combination c* was determined us-
ing the classiﬁcation of Flory [23] for a ﬂexible polymer in sol-
ution,c* ¼ 1=½h and polymer concentration expressed as a
reduced concentration [h].c or c/c*. Due to the constraints of the CIJ
print system it was not possible to probe the effect of concentration
over a broad range of overlap concentrations and was consequently
limited to polymers in semi-dilute regime, c/c* > 1 [16]. Ideally CIJ
formulations have an operational viscosity of 4e6 m Pa s. The inks
were formulated with a viscosity of ca 4 m Pa s to prevent any
concentration effects masking degradation.
Initial studies focused upon the sustained printing of PMMA
468 kDa in the full Domino A-Seriesþ in modulation (200 V) and
full ink recyclingmode (no printing) at a head temperature of 27 C,
Rig 1. These printers have inbuilt viscosity control which maintains
the ink on a pre-programmed temperatureeviscosity curve and
ensures the printer remains within the operational window. For
this ink the viscosity was maintained between 3.8 and 4.5 m Pa s
with the printer being operated under ambient laboratory condi-
tions. A single statistical pass of the complete 1400 ml ink reservoir
takes on the order of 5 min through the ink system and printhead.
Therefore, the number of statistical ink passes over each 100 h in-
terval is on the order of 1200 times. The effect of jetting time on %
ink solids, molecular weight and molecular weight distribution are
shown in Fig. 2. A steady increase in % ink solids with continuous
print time was observed along with a slow decrease in polymer
molecular weight and increase in PDi.
We observe for the full printer conﬁguration a long time, many
separate pass, dependent decrease in molecular weight and in-
crease in PDi. This degradation mode has been observed previously
in the elongational ﬂow of semi dilute polymer solutions [24] as
well as the inkjet printing of polydisperse PMMA and polystyrene
solutions in the dilute regime [17]. Rather than the degradation
being caused purely by the ﬂow ﬁeld around the polymer which
would focus the strain on the centre of the polymer chain and lead
to centro-symmetrical degradation the strain is caused by the
overlapping polymer chains transmitting the stress through
valence bonds. As the overlap position of polymer chains is randomTable 1
The physical properties of PMMA/MEK inks.
Ink code Mn
(kDa)
Mw
(kDa)
PDi Concentration
(g/dL)
h (m Pa s) [h] (g/dL) c/c*
PMMA 468 kDa 140 468 3.3 3.80 4.19 0.77 2.9
PMMA 310 kDa 103 310 2.6 4.72 4.07 0.67 3.1
PMMA 90 kDa 45 90 2 10 3.94 0.19 1.9it places stresses randomly along the chain, this randomises the
degradation and leads to a build-up of low molecular weight
fragments [24,25].
The pass dependent behaviour is in direct contrast to previously
reported results for dilute PMMA and polystyrene solutions in DOD
printing where a single pass through the printhead results in very
large decrease in molecular weight with little or no further
degradation after 3 or more subsequent passes [17]. This is an
extremely surprising result, since in DOD printing the degradation
is caused by the high strain rate and constructional ﬂow from out of
the printhead. Although the DOD systems examined by Al-Alamry
et al. [17] had smaller printhead nozzle diameter sizes (23e50 mm)
compared to 60 mmof the Domino A-Seriesþ printer printhead, due
to the higher drop velocity of the CIJ printing process the shear
rates are comparable. The strain rate at the nozzle tip (ε) in the A-
Seriesþ is calculated using ε ¼ v/D where v is the velocity and D is
the nozzle diameter, ε ¼ w350,000 s1, compared with a Dimatix
DMP-2800 (f ¼ 23 mm, n ¼ 6e10 m/s, ε ¼ w400,000 s1) and a
Microfab single nozzle glass capillary (f ¼ 50 mm, n ¼ 2.5e5.5 m/s,
ε ¼ w110,000 s1).
It is recognised that there are molecular weight limits below
which polymer degradation will not occur in elongational ﬂow,
sonication or the DOD printing of polymer solutions. This is related
to the Deborah number of the polymer under investigation; the
reciprocal of the relaxation time must be of the same order of
magnitude of the shear process for a transition such as chain
extension or degradation to be observed. Furthermore, there are
concentration effects which in the case of DOD and sonication
suppress degradation and under elongation ﬂow result in a random
degradation mechanism. This is caused by shearing forces of
overlapping polymer chains dominating the centro-symmetric
strain observed with dilute polymer solutions [24,25].
The effect of molecular weight upon polymer degradation in CIJ
printing was examined further using solutions of PMMA 90 kDa,
PMMA 310 kDa and PMMA 468 kDa at a printhead temperature of
50 C and a modulation voltage of 200 V (the maximum drive
amplitude and head temperature). As shown in Fig. 2 for PMMA
468 kDa there is a rapid decrease in the molecular weight in the
ﬁrst 20 h of printer run time, followed by a much slower sustained
decrease in molecular weight with time. This is most evident when
the Z-average molecular weight of the PMMA is considered; in the
ﬁrst hour of printing the MZ drops from 1300 kDa to 1000 kDa,
shown in Fig. 3. As the higher molecular weight averages are
weighted towards the higher molecular weight chains, this shows
that these chains are being degraded preferentially, analogous to
sonication and elongational ﬂow where the higher molecular
weight fractions of the polymer distribution are degraded prefer-
entially [26]. The PMMA 310 kDa ink is also shown to degrade upon
printing, however, the rate of degradation is less than that for
PMMA 468 kDa giving further credence to the preferential degra-
dation of the highest molecular weight chains. Furthermore it is a
less polydisperse polymer compared to PMMA 468 kDa, and it is
found in other polymer degradation experiments such as elonga-
tional ﬂow and DOD printing that the lower the PDi the lower the
extent of degradation [17,25]. It can also be seen that the molecular
weights of the two different polymer solutions, PMMA 310 kDa and
PMMA 468 kDa, begin to converge. As previously reported for DOD
[17], no change in the molecular weight of the PMMA 90 kDa upon
printing using a Domino A-Seriesþ was observed, again showing
there is a molecular weight limit below which no degradation oc-
curs. The slight variation in the molecular weight shown in Fig. 3 is
due to experimental error in the GPCmeasurements. It must also be
noted that all the inks examined in Fig. 3 are well above their
overlap concentration, as shown in Table 1. This demonstrates that
degradation under these speciﬁc print conditions is not suppressed
Fig. 2. Effect of jetting time in the full Domino A Seriesþ in modulation mode, Rig 1, on (a) solids content, (b) Mn (:), Mw () and Mz (-), and (c) molecular weight distribution of
PMMA 468 kDa in MEK at 27 C.
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comparison to DOD printing where it is not possible to print a
polymer solution above its overlap concentration due to strain
hardening resulting in blocked nozzles [9].
To investigate the early rapid stage polymer degradation
observed above experiments were carried out where the number of
times the ink passed through the pump, ﬁlters and printhead was
controlled. To accomplish this, the return pipe from the ink distri-
bution block was disconnected from the main ink sump and the ink
returning was syphoned off into a second sump. The ink that had
passed through the printer into the second sump was then loaded
back into the printer and the printing process repeated. Samples
were taken directly from the jet stream out of the printhead.
Although subtle, the overlaid molecular weight distributions
shown in Fig. 4a show a shift to lower molecular weight upon a
single pass through the Domino A-Seriesþ printer. It can be seen
that the higher molecular weight fractions have reduced in in-
tensity and there is a rise intensity of lowmolecular weight fraction
of mass between 104 kDa and 105 kDa. Both these observations
agree with the long term experiments which found that high mo-
lecular weight fractions are preferentially degraded.Fig. 3. The development in weight average molecular weight of solutions of PMMA
468 kDa (-), PMMA 310 kDa () and PMMA 90 kDa (:) after printing in MEK at 50 C,
using a Domino A Seriesþ in modulation mode, Rig 1.It has been shown in Fig. 3 that there is a molecular weight limit
below which degradation does not occur in CIJ printing. To deter-
mine this limit a solution of PMMA 468 kDa was printed using a
Domino A Seriesþ printer (Rig 1) for a period of 250 h with samples
being taken at 150, 200 and 250 h respectively. Fig. 4b shows both
the large change in molecular weight distribution of the PMMA
468 kDa ink over the 250 h experimental time and the convergence
of the molecular weight distribution. After 200 h the molecular
weight distribution appears to be stable with respect to the CIJ
printing process, the overlaid distribution of the polymer sampled
at 200 h is identical with that of the sample taken after 250 h
printing time.
In order to determine exactly which component in the printer is
the main cause of polymer degradation using a production model
CIJ printer, an A-Seriesþwith the printhead system removed (Rig 2)
was used using a PMMA 468 kDa solution. From Fig. 5 it can be seen
that PMMA 468 kDa degrades essentially in the same manner and
at the same rate whether the printhead is present, Rig 1, or absent,
Rig 2. This is a striking result in itself as the previously reported
polymer degradation in inkjet printing using DOD methods was
caused entirely by strain and compressional ﬂow in the printhead.
This is surprising as it shows the main cause of degradation in CIJ
printing is the ﬂuid passing through the constricted geometry of
the ﬁlters and pump making polymer degradation a mechano-
chemical shear rather than an elongational ﬂow induced process.
To determine whether there was a masked degradation mode
on passing through the printhead, ink was forced just through the
printhead alone, Rig 3, by compressed air operating at 3 Bar
yielding an equivalent drop velocity to that measured in Rig 1, of
n ¼ 22 m/s. As there is no recycling of the ﬂuid in the pump rig the
number of passes through the printhead can be controlled exactly,
as opposed to the statistical approach in the full printer set up. All
the ink passed through the head, was collected, reloaded and
printed again. Samples were taken at two different printhead
temperatures to determine whether the slight viscosity decrease of
passing a polymer solution through a heated printhead had any
effect on the molecular weight distribution of a sample of PMMA
468 kDa. Fig. 6 shows no change in molecular weight within the
error of the experiment at either temperature. This demonstrates
that degradation does not occur as a result of passing the ﬂuid
through the nozzle constriction or by modulation by the piezo-
electric drive rod.
The locus of polymer degradation, therefore, is passing the ink
through both the ﬁlters and pump on the way to the printhead. As
these components may impose a larger constrictional geometry on
Fig. 4. PMMA 468 kDa ink printed through a full Domino A Seriesþ printers, Rig 1. (a) Molecular weight distributions after 0 (..), 1 (——) and 5 statistical passes (solid line). (b) The
convergence in molecular weight distribution when printed for a period of 0 (solid line), 150 (———), 200 (.-.) and 250 h (..-..).
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the likely explanation of the observed polymer degradation. This
begs the question of where exactly in the CIJ printer is the main
cause of polymer degradation; is it passing through the constricted
environments of the ﬁlters which have apertures of either 5 or 10
microns or the shearing experienced when the solution is passed
through the pump. Passing PMMA 468 kDa through the pump in
the absence of both ﬁlters and dampers (Rig 4), resulted in a
decrease in Mn with time while the fraction of polymers in the
molecular weight distribution with mass <35 kDa increase from ca
2% to ca 12% during the 131 h pump rig run time, Fig. 7. This is the
same degradation in molecular weight and increase in low mo-
lecular weight fragments observed in the full A Seriesþ, Rig 1, Fig. 2,
conﬁrming that the main source of polymer degradation in CIJ
printing is passing through the pump.
4. Conclusions
The inkjet and degradation behaviour of three linear semi dilute
PMMA formulations of differing molecular weight in a CIJ Domino
A-Seriesþ printer has been investigated. This follows on from
previous investigations into the degradation of dilute polymeric
solutes in DOD printing. The highest molecular weight solutionFig. 5. A graph which compares the development of molecular weight distributions of
identical solutions of PMMA 468 kDa printed using a full production model Domino A
Series þ, Rig 1 (-) and a Domino A Series with the printhead removed, Rig 2 ().investigated (PMMA 468 kDa) was selected as it is in the centre of
the previously reported degradation range for polymer solutes in
DOD printing. Furthermore, both cost and sample preparation for
ca 1.3 L of monodisperse ultrahigh molecular weight PMMA was
not practicable To the best of our knowledge this is the ﬁrst time
that polymer degradation has been considered in a full commercial
print rig.
The increase in polymer concentration in our formulations has
signiﬁcantly lowered the rate of degradation in CIJ compared to
DOD. This was to be expected as polymer degradation is suppressed
in both DOD systems and elongational ﬂow at higher concentration
[17,24]. The most striking result is if we consider the printhead
alone, Rig 3, then no signiﬁcant polymer molecular weight degra-
dation is observed despite the strain rate at the nozzle tip (ε) being
of the same order of magnitude to that for a Dimatix DMP-2800 and
aMicrofab single nozzle glass capillary. In these systems single pass
degradation of high molecular weight polymer was observed [17].
It should also be noted that the ﬂow through the CIJ nozzle is
continuous, where it is pulsed in the case of DOD. The calculated
maximum strain rates are similar, but in DOD it is being periodically
ramped up and switched off. This may result in a stronger exten-
sional ﬂow in DOD despite the equivalent strain rates experienced
in both systems. This due to the almost instantaneous accelerationFig. 6. Comparison of the effect of printing PMMA 468 kDa through the stripped down
printhead, Rig 3 at head temperatures of 50 C (:) and 27 C (-).
Fig. 7. The increase in low molecular weight fractions <35 kDa (-) coupled with a
decrease in Mn (:) for a solution of PMMA 468 kDa passed through the pump only in
the absence of ﬁlter and damper, Rig 4.
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DOD head; whereas in the CIJ system the ﬂuid is in constant motion
through the ink system so the acceleration experienced and thus
the force experienced by the ﬂuid is lower.
Simulation [18] suggests that a combination of strain and
compressional ﬂow in the nozzle is the cause of polymer degra-
dation. The lack of degradation from the CIJ printhead maybe a
consequence of a number of factors including the slightly greater
nozzle diameter, and different nozzle geometry. The larger nozzle
size found in the Domino A Seriesþ may result in an elongational
ﬂow from the printhead rather than a compressional ﬂow; so
despite the equivalent shear rate between CIJ and DOD systems no
degradation is observed. Alternatively the viscoelastic behaviour of
the polymer solution would also become more apparent at higher
concentrations. As the concentration increases the number of chain
overlaps will increase [23]. When this solution is exposed to an
external perturbation such as elongational ﬂow the ability of the
solution to respond to this perturbation is not the same as an iso-
lated polymer chain [27]. So whereas a dilute polymer chain would
undergo ﬂow induced chain extension and degradation a concen-
trated solution would dissipate the force by deforming visco-
elastically.
The main source of polymer degradation in CIJ printing
through a CIJ Domino A-Seriesþ is found to be passing through
the pump resulting in mechano-chemical polymer degradation.
The random scission degradation is obtained at a lower shear
rate through a longer residence time to the mechano-chemicaldamage in the pump. These results have signiﬁcance in the to-
tal design of inkjet systems for the delivery of high molecular
weight polymers and materials sensitive to mechano-chemical
degradation and highlight the need for careful consideration
when moving from laboratory based print tools to full scale
application.Acknowledgements
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